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Abstract. Solar cycle actb, ity effects (SCAE) in the lower and middle atmosphere, reported in

several studies, are difficult to explain on the basis of the small changes in solar radiation that

accompany the 11-year cycle. It is therefore natural to speculate that dynamical processes may

come into play to produce a leverage. Such a leverage may be provided by the Quasi-Biennial

Oscillation (QBO) in the zonal circulation of the stra!osphere, which has been linked to solar

activity variations [e.g., Labitzke (1982, 1987) and Labitzke and van Loon (1988, 1992)].

Driven primarily by wave mean flow interaction, the QBO period and its amplitude are variable

but are also strongly influenced by the seasonal cycle in the solar radiation. This influence

extends to low altitudes reti_rred to as "downward control". Relatively small changes in solar

radiative forcing can produce small changes in the period and phase of the QBO, but this in turn

can produce measurable differences in the wind field. Thus, the QBO may be an amplifier of

solar activity variations and a natural conduit of these variations to lower altitudes. To test this

hypothesis, we conducted experiments with a 2D version of our Numerical Spectral Model that

incorporates Hines' Doppler Spread Parameterization for small-scale gravity waves (GW). Solar

cycle radiance variations (SCRV) are accounted for by changing the radiative heating rate on a

logarithmic scale from 0. I% at the surface to I% at 50 km to 10% at I00 km. With and without

SCRV, but with the same GW flux, we then conduct numerical experiments to evaluate the

magnitude of the SCAE in the zonal circulation. The numerical results indicate that, under

certain conditions, the SCAE is significant and can extend to lower altitudes where the SCRV is

inconsequential. At 20-kin the differences in the modeled wind velocities are as large as 5 m/s.

For a modeled QBO period of 30 months, we find that the seasonal cycle in the solar forcing

[through the Semi-annual Oscillation (SAO)] acts as a strong pacemaker to lockup the phase and

period of the QBO. The SCAE then shows up primarily as a distinct but relatively weak

amplitude modulation. But with the QBO period between 30 and 34 (or < 30, presumably)

months, the seasonal phase lock is weak. Solar flux radiance variations in the seasonal cycle

then cause variations in the QBO period and phase that amplify the SCAE to produce relatively

large variations in the wind field. These variations also extend to mid latitudes.



1. Introduction

Following a study by Holton and Tan (1980) that revealed an influence of the phase of the

Quasi-Biennial Oscillation (QBO) on the dynamics of the stratosphere, Labitzke (1982, 1987)

and Labitzke and van Loon (1988, 1992) discovered that the temperatures at northern polar

latitudes in winter are positively and negatively correlated with the solar cycle activity when the

QBO was in its negative and positive phase respectively. At mid-latitudes they observed

opposite correlations. Nait o and Hirota (1997) later confirmed these findings. In the northern

stratosphere and for the period between 1964 and 1994, Dunkerton and Baldwin (1992) and

Baldwin and Dunkerton (1998) found evidence of a quasi decadal oscillation that correlated with

the Quasi Biennial Oscillation (QBO) and solar cycle.

A GCM modeling study by Balachandran and Rind (1995) found general agreement with the

above observations. They also found that their model produced a significant solar activity effect

in the troposphere. Balachandran et al (1999) later extended this study and found, in agreement

with observations, a significant increase ofgeopotential heights during solar maximum that is

correlated with the phase o['the QBO. They attributed their results to the changing vertical

gradients of temperature artd zonal winds that are produced by the changing solar radiation.

These geopotential height changes then alter the propagation conditions for planetary waves,

which in turn affected the circulation at lower altitudes.

From the above results it is not, however, readily apparent what role the QBO is actually

playing in the solar activity effects that have been reported. The QBO and its phase in particular,

may act as a catalyst to change the propagation conditions for waves and bring about the

observed solar cycle activity connection. To complicate this picture, the QBO itself may also be

affected directly by solar activity. And this is the avenue we are examining in the present paper.

2. QBO, Downward (iontroi, and Period Modulation

Unlike the annual oscillation (AO) and semi-annual oscillation (SAO) in the atmosphere,

whose periods of 12 and 6 months respectively are controlled by the seasonal variations of solar

radiation, the QBO with periods between 20 and 32 months is controlled primarily by dynamical



processes.LindzenandHolton (1968)first showedthat,underthe influenceof theseasonal

cycle,wavemeanflow interactionscangeneratetheQBO in thezonalcirculationat low

latitudes. Holton andLindzen(1972)concludedthatthe influenceof theseasonalcycledoes

playa rolebut isnot essentialto generatethiskind &oscillation.

Owing to its generatio_ mechanism, the QBO could therefore be a natural conduit for

transferring the effect solar- cycle radiance variations ..(SCRV) to lower altitudes. Two factors are

of particular importance.

First, waves can efficiently generate the QBO at equatorial latitudes because, with the

Coriolis force vanishing, the meridional circulation is not important in the redistribution of

equatorial wave momentum. Thus, the equatorial wave momentum that drives the QBO remains

near the equator and can c_uple back downward to lower altitudes by momentum transfer

(diffusion). This redistribution of momentum with altitude is referred to as wave driven

"downward control" and to a lesser degree can occur also outside the tropics wherever wave

mean flow interactions are important.

Second, the QBO is influenced by the seasonal variation in the solar radiative forcing

(Lindzen and Holton, 1968 Holton and Lindzen, 1972). This was shown explicitly in computer

experiments (Mayr et al., 1998), reproduced in Figure 1, that generated equatorial oscillations

with the seasonal cycle of solar heating (a) and for comparison with constant solar heating at

perpetual equinox (b). Th,_ seasonal cycle causes in the QBO a significant increase in amplitude

from 3 to 7 m/s at 30 km and increases its period from about 17 to 21 months. The computed

amplitude of the dominant oscillation at higher altitudes also increases but its period decreases

from 8 to 6 months to produce the SAO that is phase locked to the seasonal cycle with the Sun

crossing the equator twice a year.

In the equatorial QBO momentum deposited by upward propagating waves is transferred to

lower altitudes through diffusion. To some extent, this downward control is modulated by the

seasonal variations in the solar heating of the mesosphere, where solar influences play a

significant role. Through the seasonal cycle, long-term solar cycle radiance variations (SCRV)
t

then influence the amplitude and period of the QBO: By changing the period &the QBO in

particular, the SCRV thus can exert leverage on the SCAE at lower altitudes through downward

control as suggested in this paper.



Basedon theanalyseswehavecarriedout, two otherprocessesinfluenceandinvolvethe

QBO One is synchronizalion of the QBO by the seasonal cycle of solar forcing (Mayr et al.,

2000). The other one involves the QBO to produce beat periods between 5 and 10 years through

GW node filtering that causes interaction with the seasonal cycles (Mayr et al., 2001). As shown

in this paper, these processes can also come into play to influence the SCAE and thus further

complicate our understanding

In the following, we shall briefly describe our model and the gravity wave parameterization

that is employed to drive the QBO. We shall then present the results from computer experiments

for QBOs with periods of about 30 and 33 months, for which the SCAEs are vastly different

owing in part to the importance of period modulation relative to amplitude modulation.

3. Model

The simulations presented here use a 2D version of the Numerical Spectral Model (NSM) whose

numerical design was discussed by Chan et al. (1994). The 2D version of the model is time

dependent and non-linear, but is simplified in that perturbation theory is applied to compute the wind

fields and the temperature and density perturbations about a globally averaged background

atmosphere. With the typical temperature perturbations being less than 10%, the radiative energy

loss is formulated in terms of Newtonian cooling, which reduces the computational effort

significantly. The model atmosphere extends from the Earth's surface to the top of the thermosphere

at 400 km, but in the presem study the upper boundary is at 240 kin, which is well above the region

of primary interest. In 2D, the zonally averaged component (zonal wavenumber m = 0) is driven by

solar UV radiation absorbed in the stratosphere and mesosphere (Strobel, 1978) and by EUV

radiation absorbed in the thermosphere.

To simulate SCRV perturbations to the atmosphere we adjust the models internal heating rates

using the simple scheme ilhtstrated in Figure 2. We assume that the solar radiative heating sources

vary with solar cycle on a Logarithmic scale by 0.1% at the surface, 1% at 50 km and 10% at 100 km

and above. The variations below 30 kin, however, are irrelevant since the model only accounts for

solar heating due to UV at_d EUV radiation in the stratosphere, mesosphere and thermosphere.



Above 100km, observed solar radiance variations are much larger but are assumed to have

negligible influence on the ,_tmospheric perturbations in the middle atmosphere.

Planetary-scale Kelvin and Rossby-gravity waves were originally thought to be responsible for

the QBO (e.g. Lindzen and Holton 1968). Recent satellite measurements and modeling studies,

however, show that additional momentum sources are required. Small-scale gravity waves are now

also believed to be important in generating the QBO (Mengel et al., 1995; Dunkerton, 1997; Mayr et

al., 1997).

Since gravity waves (GW) cannot be resolved in global-scale models, their interaction with

the background wind field rleeds to be parameterized. Lindzen (1981) first developed such a

scheme. In the NSM we use have used the Doppler spread parameterization developed by Hines

(1997a, b). This parameteJ ization considers a spectrum of gravity-waves and accounts for the

non-linear interactions between the waves (treated like background winds) that in turn affects

significantly the wave-meaI_ flow interaction. In addition to the wave momentum source the

parameterization also provides the vertical eddy diffiasivity due to wave driven turbulence. The

wave momentum flux from the Hines parameterization is proportional to O'h3k,, where Oh is the

GW horizontal wind variability (2 to 3 m/s at 20 km) and k. is the characteristic horizontal wave

number (100 kin) "l _<k, ( 10 km) _. For simplicity, these parameters are taken to be globally

uniform and independent of season.

4. Solar Activity Case Studies

The purpose of this study is to elucidate possible dynamical mechanisms that might contribute to

the solar cycle activity effects (SCAE) observed in the lower atmosphere. We ask whether the

equatorial oscillations, and in particular the QBO, could bring about the SCAE through downward

control. Addressing this q_estion, two case studies are presented. The first describes a hypothetical

QBO with an average peric,d of 30 months that is phase locked with the seasonal variations. The

second study deals with a hypothetical case where tile average QBO period is about 33 months, near

the upper end of the obsewations. In the first case, the SCAE is relatively small and appears

primarily as an amplitude modulation of the QBO. In the second case, the SCAE is much larger and

is accompanied by phase w_riations of the QBO that are more difficult to understand.



4.1 Case Study l with 30-months QBO

With a period of 30 months, the phase condition is optimally satisfied for the QBO to be

synchronized by the semiannual variations (e.g., Mayr et al., 2000). Under this condition, the

seasonal cycle acts as a strong pacemaker for the QBO. To produce the 30-months QBO, we

chose the GW parameters ¢:obe k, = (60 km) _ and oh, = 2rn/s at 20 km. The GWs are assumed

to be generated isotropicaliy at the surface and are taken to be independent of latitude and

season. In an effort to reduce the feedback from the seasonal variations, to produce a more

stable QBO period, the solar heating rate was reduced by about 20% so that the zonal winds at

mid latitudes (eastward in "winter and westward in summer) are only around 40 m/s.

Allowing for sufficient spin-up time, the numerical experiments were performed by running

the model for 30 years. First, we present the results obtained without imposing any SCRV. The

computed monthly mean zanal winds at 4 ° and 40 ° in the northern hemisphere are shown in

Figure 3. Two related features are of particular interest. Firstly, the QBO at 40 latitude is

modulated with a beat period of 5 years (Mayr et al., 2000), which is generated through GW

node filtering by interaction with the annual oscillation (AO). Secondly, at low latitudes, the

signature of the AO induced beat period extends down to 10 km, while the AO itself is confined

to altitudes above 30 kmal mid latitudes where it dominates.

These features are delineated in more detail in the spectrum of the zonal winds at 4 ° latitude

that is shown in Figure 4 for time span of 30 years. The spectrum is plotted in terms of the

harmonics, h, with the associated periods determined by 30/h (in years). The spectrum is

presented separately for the hemispherically symmetric (a) and asymmetric (b) components; and

the dominant lines for the symmetric QBO and SAO and asymmetric AO are identified. Also

identified is the asymmetric 5-year beat period, which is produced by the symmetric QBO

interacting with the asymmetric AO. While the 5-year bead period is weak, it is more

pronounced in the side-lobes (harmonics) that are identified at harmonics h = 6 and 18 for the

QBO, at 24 and 36 for the AO, and at 54 and 66 for the SAO. Unlike the 5-year beat period,

which is generated above 40 km, the resulting side-lobes extend to lower altitudes with much

larger amplitudes. This again illustrates the importance of downward control at low latitudes,

which effectively modulates not only the QBO but significantly the AO and SAO as well. All

the other features in the madel spectrum can be explained by the QBO interacting with the

seasonal cycles, such as the oscillations at h = 48 and 72 resulting from SAO-QBO coupling.



Exceptfor theAO andSAO,allthespectrallinesin the simulationarerelatedto the QBO,either

directlyor indirectly.

Whenwerun themodalwith thesolaractivityvariationsillustratedin Figure2, theresulting

zonalwind field at low latitudes is different from that shown in Figure 3a. The resulting

changes, however, are not large enough to identify an obvious solar activity signature. We

therefore take the approach of directly examining the difference fields instead. One of the

quantities to compare is the period of the QBO, which is determined from the time spans the

winds change direction. This QBO period is presented for model runs with and without solar

activity variations in Figure 5 for 20-km altitude at 4 ° latitude. It shows that the QBO period

varies around 30 months, and the variations clearly reveal the 5-year beat period that is generated

by the interaction with the AO. The differences between the solutions with and without solar

activity, however, are slight. As pointed out earlier, in this particular case, the AO acts as a

strong pacemaker to lock the period of the QBO - which is by no means typical as the second

case study will show where the variations are less regular, and the solar activity related

differences between the QBO periods are much larger.

In Figure 6a we show ti_r 4 ° latitude the yearly average of the differences between the zonal

winds computed without a_td with solar activity variations. The pattern seen here clearly reveals

the 10-year periodicity imposed by the solar activity cycle, but the signal is not as clean as one

would have liked to see. "/he tongs that extend down to lower altitudes around the year 5, are

also there at around 15, but they are split up around the year 25. At altitudes above 70 km, the

zonal wind differences tend to be out of phase with those below, and again show the resemblance

of the imposed 10-year solar activity cycle. Considering that the assumed relative solar activity

variations vary from 1% to 10% from 50 to 100 km respectively, the resulting zonal wind

differences of about 10 m/s at around 60 km are large. But the effect does not grow

proportionally with altitude, which suggests that the amplification is tied to the stratospheric

QBO and that the signatures in the upper mesosphere are produced by the filtering of upward

propagating GWs.

To gain further insight we also ran the model also with a factor-of-three increase in the solar

activity variations relative to those shown in Figure 2. For the QBO period, the differences are

slightly larger compared te Figure 5, but the differences are not large enough to be significant.

The differences in the zonal winds, shown in Figure 6b, however are significant. Compared with



Figure6a,thephasesof thezonalwind differences(i.e., patchesof positiveandnegativevalues)

arein generalagreement,asoneshouldexpectfrom theidenticalphasingof theadoptedsolar

cyclevariations.Thewind differencesarealsolargerduringthefirst 10-yearcycle,andthey

extendto lower altitudes. [)uringthesecondcycle,however,thewinddifferencesaresmaller

andtheyareconfinedto ahitudesabove50km. Thenduringthethird cycle,thereis againa

tendencyfor theperturbationsto increaseinmagnitudeandto extendto loweraltitudes. Overall,

however,thefactorof threeincreaseof theSCRVdoesnotproduceacorrespondingincreasein

thedifferencefield. Thisrevealsoneof thedifficultiesin ourunderstandingof theunderlying

processesthat areinherentlynon-linear.

Thepictureis somewhatclearer,whenthezonalwind differencesarepresentedin spectral

notationasshownin Figure7 for thesymmetriccomponents(thecontourintervalis 0.5m/s,and

theminimumvalueischost:nto be1m/s). For bothsolaractivity levels,the lO-yearharmonic

standsout at h = 3, alongwith theside-lobesath = 9 and 15thatdescribethesolaractivity

modulationof theQBO. With increasedSCAV,theamplitudesarealsonoticeablyenhanced.

Othernotabledifferencesareseenin theharmonicsh = 5 and7 that sharpenwith enhanced

activity. With 3x SCAV, p_ominentfeaturesappearalsoat h = 33and39,whichcanbe related

to oneof theside-lobesat h = 36showninFigure4 that in turn is producedbythemodulationof

theAO with the 5-yearbeatperiod. And thefeaturesat h = 69and76canbe relatedto oneof

theside-lobesat 72shownin Figure4, whichis producedby themodulationof the SAOwith the

QBO. Most of thefeaturesin thedifferencespectrumthatappearonlyin thesolutionwith 3x

SCAV thuscanbetracedto complicateddynamicalinteractionsinvolvingtheAO andSAO-

andthis mayin partexplai_theabovediscusseddifferencesbetweenFigures6aand6b.

FromthespectrashowninFigure7,wecansynthesizethedominantlinesto createa filtered

pictureof thedifferencefields. TheseareshowninFigures8aand8bfor thetwo levelsof

SCRV. For comparison,weemployinbothcasesthesameprominentharmonics:h = 3 for the

10-yearsolarcycle,andh :: 9 andfor the 10-yearside-lobesof theQBO. Thesesynthesized

differencefieldsthusdescribeonlythefilteredfirst-orderSCAE. Not surprisingly,thefeatures

that appearedinFigure6aalsoappearsagaininFigure8a,sincethechosenharmonics

essentiallydescribethebulk of thedifferencefield. This is not true for Figures6band8b,since

theretheadoptedspectrallinesonly describeasubsetof thecomputeddifferencefield. For the



filtered differencefield,the"t0-yearamplitudemodulationincreasessignificantlywith increased

SCRV,andtheeffectextendsto loweraltitudes.

For completeness,wepresentinFigure9 thecomputeddifferencefieldsat 40°latitude. The

zonalwind fieldsat theselatitudesdo not showanysignof the 10-yearactivitycycle. For both

levelsof activity,themagnitudesof thewinddifferencesaresmall,andthevariationsdonot

indicateanytrends. Thespectralrepresentation(not shown)confirmsthis conclusion.

In summary,wehaveseenfromthiscasethatthesolaractivityeffectis confinedto low

latitudeswhereit appearsto showupasanamplitudemodulationof theQBO. In thisparticular

instance,theQBOisbeingsynchronizedby theseasonalcyclesothat its periodandphase

becometightly locked. Thesituationis thusunusualfor this30-monthsQBO,but it providesa

valuablereferencefor the_extcasestudywheretheresultsaremorecomplexanddifficult to

understand.

4.2 Case Study 2 with 33-months QBO

For the hypothetical 33--months QBO, the model was run for 50 years. The GW parameters

were taken to be k, = (65 kin) 1 and o-h, = 3m/s at 20 km to produce a factor of 2 larger

momentum flux, but the adopted eddy diffusion rate was also almost a factor of 2 larger to assure

numerical stability. Additionally the numerical experiments were performed using a shorter

integration time step of less than 5 minutes. Standard solar heating rates were employed to

produce zonal winds of about 70 m/s in the winter hemisphere at mid latitudes. This QBO was

discussed by Mayr et al. (2t)01) as an example to illustrate how it can generate a quasi-decadal

oscillation in the form of a beat period resulting from an interaction with the SAO through GW

filtering.

In Figure 10a, we present at 4 ° N the computed zonal winds averaged over a year. The

period of the QBO is on ax erage 33.5 months. Repeatable features indicate a modulation with a

period around 10 years, but the pattern is not as clean as that for the 5-year beat period seen in

Figure 3. As Figure 10b shows, the amplitude modulation of the zonal winds are large at 40 ° N.

During the first cycle, the modulation period is close to 11 years, but for the second cycle it is
!

closer to 9 years. Apparer, tly, the beat period is fluctuating around 10 years, and this adds a

potential complication whe'n solar activity variations with such a duration are employed.

Analogous to Figure 5. we present with Figure 11 the variations of the periodicity of the

zonal winds at 20 km computed without and with solar activity variations. Because of the



conflicting10-yearbeatperiodthatcomesinto playin thiscase,themodelwasalsorunwith

hypotheticalsolarcyclepeliodsof 8 years(b) and13years(not shown). In contrastto Figure5

for the30-monthsQBOthat isphaselockedto the seasonalcycle,theperiodicityin Figure 11is

highlyvariablewithout revealinganydiscernablepatterns.Thesameis truefor the solutions

with solaractivityvariatiovs,whichdifferalsosignificantlyfor thetwo differentperiodicities

chosen.

ThattheQBO periodin thiscase,andin general,isvariableisnot surprising.Waves

propagatingup arefiltered bytheQBOandasaresultinfluencetheAO andSAO,asthespectral

linesin Figure4 illustrateti_attie thesecomponentstogether. Ontheotherhand,we havealso

seenthattheAO and SAO influenced by the QBO, in turn influence the QBO even to the extent

to act as a strong pacemaker to produce a phase lock in the previous case study (e.g., Figure 5).

The two interactions, transt'erring momentum both upwards and downwards, are inherently non-

linear and are strongly nondinear due to the importance of the feedback process. This introduces

into the dynamical system a significant quasi-chaotic component that is difficult to unravel.

The effect is dramatic when the model in this case is run to account for SCRV. With the 10-year

activity cycle, the phase of the QBO gradually changes so that after about 7 years the polarity (sign)

of the oscillation changes. The oscillation then continues in this phase for the remaining 40 years of

the numerical experiment. "fhis is shown in Figure 12a for the difference field, with contour

intervals of 10 m/s, reaching magnitudes twice as large as those shown in Figure 10a. Apparently,

the phase variations introduced by the I 0-year solar activity variation drives the atmosphere into

another configuration that Lscommensurate with, and becomes locked to, the natural beat period of

10-years. Apparently this is caused by the coincidence of the two periodicities.

As mentioned earlier, to avoid this coincidence of the periods of solar activity and beat period,

the model was also run with a hypothetical 8-year activity cycle. The result for the difference field

is presented in Figure 12b with contour intervals of 5 m/s In this case, the oscillation at lower

altitudes below 30 km also builds up but much later after more than 25 years, and the velocities do

not come close to those generated in Figure 12a. In contrast to the previous case, the activity cycle

is not synchronized with the beat period. On the otfier hand, the results show that the difference field

is not dominated by a period of 8 years but one that is closer to 10 years, suggesting that the beat

period continues to play a role.

10



To provide more insight, we present in Figure 13 for 4 ° N the spectra computed from a 40 year

time span of the difference fields (with 1 m/s contour intervals starting at 3 m/s). Along with the 10-

year signal of the activity cycle and its second harmonic at h = 8, the figure shows the large QBO

amplitude that results front the phase reversal discussed above. The other prominent features in the

spectrum are associated with the AO and SAO, although these are not present in the difference field

as expected. The asymmet.ric side-lobes h = 36 and 44are caused by a 10-year modulation of the

AO. The features at h = 20 and 54 result from the modulation of the AO by the QBO. The

symmetric harmonics at h :::76 and 84 are related to the SAO modulation by the 10-year activity

cycle, and the features at h = 66 and 94 are related to the QBO modulation. Of the remaining

spectral features, we recognize the symmetric harmonics close to h = 10 and 18 that reveal the 10-

year modulation of the QBO, and the signal at h = 43 represents the third harmonic &the QBO that

is a characteristic of the no, n-linear wave mean flow interaction involved in generating this

oscillation. Of considerable interest are also the symmetric features at h = 62 and 98, which appear

to be the side-lobes of the QBO associated with the 10-year activity cycle that in turn modulate the

SAO. And the same patteTn is apparent in the asymmetric harmonics at h = 22 and 58 that reveal the

corresponding interactions with the AO. These cascades of energy reveal the complex nature of the

interactions involved.

For the 8-year activity cycle presented in Figure 13b, the spectrum contains many of the

same features discussed abc)ve. The QBO modulation signatures are present in this simulation

but are much weaker than those seen in Figure 12. The signal of the activity cycle is seen in the

10-year harmonic at h = 4 and its second harmonic at 8. These are accompanied by a strong

feature at h = 6 that corresponds to a period of about 6.7 years, which appears to indicate a shif_

towards 8 years. We note the side-lobes at h = 10 and 18 that show the 10-year modulation of

the QBO. The SCRV related harmonics at h = 4, 6, and 8 create additional side-lobes for the AO

and SAO. Of interest again are the features at h = 22 and 58 for the AO and those at h = 62 and

82 for the SAO, which car_ be related to the 10-year modulation of the QBO as seen also in

Figure 13 a.
t

Unlike in the first case study for the phase locked QBO, the SCAE in the difference field

now extends to higher latiludes as shown in Figure 14. Distinct SCAE signatures are seen here,

with differences in the wind field of+10 m/s that reveal periodicities around 10 years. The

pattern though is less prom_unced for the 8-year cycle below 60 km, which suggests a conflict

11



betweentheimposedactivityvariationandtheinherent10-yearbeatperiod. Thereisno

significantdifferencebetweentheamplitudesof thedifferencefieldsin bothcases,whichis

perhapssurprisingconsideringthelargedifferencesseenatlow latitudes(Figure12).

5. Summary and Conclusion

In the modeling study presented here, we have explored a dynamical mechanism that may

conspire to enhance the SCAE through the QBO. Though generated primarily by wave mean

flow interaction, the amplitude and period of QBO are affected by the seasonal cycle of solar

forcing. Our hypothesis is that the SCAE could result not so much from an amplitude

modulation of the QBO bu_: from a modulation of its phase and periodicity. The idea is that

relatively small changes in 1he phase and period of the QBO, produced by solar activity, may

significantly alter the wind field.

To investigate this hypothesis, we performed two modeling studies that led to different but

complementary conclusions In one we studied a hypothetical QBO with a period of 30 months,

in the other one the period was close to 33 months. For both studies the model was run with and

without SCRV of various amplitudes and periods. In case 1, the QBO period was stable and

closely tied to the AO. In case 2, the QBO period was highly variable and therefore more

susceptible to SCRV A lilnited study of this kind is not suitable to draw firm conclusions. It

serves however to reveal some trends and complexities involved. Further investigation across

the range of possible QBO periods and SCRV forcing is required to map out more fully the

details of the related SCAI_; phenomena.

The first case study illustrates the SCAE phenomenology associated with a QBO that has an

unusually stable period. Vvithout the ability to influence the phase of the QBO (see Figure 5),

the SCRV can only moduhtte the amplitude of the oscillation. As a result, the net effects of the

SCRV is then relatively small. Considering the magnitudes of the variations imposed on the
i

solar heating rates, howew_r, the resulting differences in the modulated QBO amplitude are

significant. At mid-latitudes, there are no detectable signatures of the SCRV in the computed

zonal wind fields. This is in spite of the fact that the AO, directly generated by solar radiation,

12



dominatesat mid-latitudes In summary,we concludein thiscasethatthe SCRVcan

significantlymodulatethe_tmplitudeof theQBO andtherebyamplifytheeffectat low latitudes.

Thesecondcasestudyhasin commonwith thefirst thattheequatorialoscillations,andthe

QBO in particular,areplayinga centralrole ingeneratingthesolaractivityeffectin themiddle

atmosphere.But thedynamicalsituationhereis significantlydifferentandto someextentmore

realistic. TheQBO,havin_,aperiodof about33.5months,is not tiedastightly to theseasonal

forcing sothat its phase(andperiod)aremuchmoreamenableto the influencefrom solar

activityvariations.As shownin Figure1l, in thiscasetheQBOperiodis highlyvariablewith or

without solaractivityeffects.Onecomplicatingfactorhereis thatabeatperiodaround10years

isgeneratedthatresultsfrumtheQBOinteractingwith theSAOthroughGW filtering(Mayr et

al.,2001). Thebeatoscillationthencanbelockedintoby solaractivityvariationswith the same

period. This is showninFigure12awherethephaseof theQBOgraduallychangesuntil, after

about7 years,it becomeslockedin theoppositepolarity (180° phasedifference)to producea

largedifferencefield. Thephaseof our hypotheticalQBOalsochangesfor the8-yearactivity

cycle(Figure 12b)but neverlocksinto thekind of stateseeninFigure 12a. In this case,the

differencefield clearlyrew+alsaperiodicityaround10yearsto reflectthesolaractivityeffect,

andtheamplitudesarecloseto 20m/sat altitudesaround60km. Eventually,in later years,the

imposedphasedifferencebecomeslargeenoughto modifyalsothe QBOat lower altitudes.

In contrastto Case1where the solar activity effect is confined to low latitudes, the effect for

Case 2 extends to higher latitudes, and it is relatively large. Distinct variations are seen in the

difference fields for both activity cycles (Figure 14) - but it is not clear how they are generated.

One explanation might be that the meridional circulation is carrying the solar activity signature

in the QBO towards higher latitudes. This has been suggested (Mayr et al., 2001) for the

signature of the 10-year beat period that appears also at mid latitudes although it is generated by

the QBO that is confined t,_ low latitudes. The zonal circulation of the QBO, whose amplitude

and period are modulated by solar activity, would generate such a meridional circulation through

the Coriolis force. And lo_g periods in the range of 10 years may be conducive to generate
i

perturbations at lower altitudes where the time constant for radiative cooling is long.

The study presented here is many ways limited. The study samples are not representative of

the real world, with the Ql_O of 30 months that is phase locked to the seasonal cycle, and the

QBO of 33.5 months that s at the upper end of observed periodicities. Moreover, the 10-year
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beat period associated with the second case requires that that the QBO, though not stable, does

not vary excessively - and this may not be assured in the real world where a great number of

processes come into play that have not been considered such as variations in the GW source and

ocean atmosphere interactions. Finally, we presented here a study conducted with the 2D

version of our model that permits integrations over periods of a few decades. In 3D a new

dimension of processes and interactions would be added to the picture that could affect the

outcome significantly.

Notwithstanding these limitations, we believe that our model study does illustrate how the

wave driven equatorial oscillations and the QBO in particular may affect and amplify the solar

activity variations in the middle atmosphere.
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Figure Captions

Figure 1: Zonal winds at 4" latitude computed: (a) with seasonal variations of solar forcing and

(b) with the same GW parameters but for perpetual equinox (taken from Mayr et al., 1998a). As

seen from the spectrum (a), under the influence of seasonal forcing and with the Sun crossing the

equator twice a year, a strong Semi Annual Oscillation (SAO) is generated at around 50 km that

has a period of 6 months. ,%nd in this case, the QBO at lower altitudes has a period of 21 months

and its amplitude is about 7 m/s. Without the seasonal cycle (b), the short period oscillation (in

the place of the SAO) is 8 months and the long period oscillation in the place of the QBO of 21

months is instead only 17 months; and the amplitudes of these oscillations are much smaller.
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Theseasonalforcing,due_oUV radiationandmainlyabove30 km,thusaffectsnot onlythe

amplitudesof theequatorialoscillationsbut, significantly,it affectsalsotheir periods,andthe

effectextendsin theQBO to loweraltitudes.

Figure 2: Schematic, illuslratJng the adopted height variation of the relative solar activity

variation in the heating rate on a logarithmic scale. For comparison, model results will also be

shown for 3 times larger amplitude and with an activity cycle of 8 years.

Figure 3: Computed zonal winds at latitudes 4° (a) and 40 ° (b) for Case 1. The QBO in this case

has a period of 30 months, and it is strongly tied to and synchronized by the SAO to produce an

exceptionally stable oscillation (Mayr et al., 2000). This QBO interacts with the Annual

Oscillation (AO) to generate a beat period of 5 years through GW node filtering.

Figure 4: Spectrum of the equatorial oscillations in the zonal winds at 4 ° north (as seen in Figure

3) obtained from a solutioi_ spanning 30 years beginning at a time the atmosphere was spun up.

The spectrum is presented in terms of harmonics, h, that are related to periods by 30/h (years) in

this case. Hemispherically symmetric (a) and asymmetric (b) components are shown, and the

various "spectral lines" are identified. The 5-year beat is hemispherically asymmetric being

generated by the symmetric QBO and asymmetric AO. Due to quadratic non-linear interactions

(i.e., XY), in part due to GW phase filtering, the identified "side lobes" (or lobe harmonics) are

generated - and they are all tied to the QBO directly or indirectly. The rich phenomenoiogy

revealed in the spectrum, and apparent in Figure 3, is thus to a large extent caused by the QBO

and the wave interactions it involves.

Figure 5: Period at 4 ° north and at 20 km altitude obtained from the time intervals the computed

zonal winds change direction. This is considered to be the period of the QBO, which dominates

at this altitude. Note in this case that the variations around 30 months are very regular and
I

thereby reveal the 5-year beat period. Also presented is the QBO period obtained from a

solution with solar cycle activity variations, SCAV (illustrated in Figure 2), which does not show

a discernable effect.
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Figure 6: Computed differences of zonal winds at 4 ° north obtained by subtracting solutions

with solar activity variations from a solution without solar activity. The difference field (a) is

obtained by employing the standard SCAV shown in Figure 2, while for (b) the adopted SCAV

is 3 times larger. In both cases, the difference fields reveal the 10-year periodicity of solar

activity, but the effect is noI clean but rather patchy. GW filtering apparently causes the phase

reversals at altitudes above 70 km. The factor of 3 increase in solar activity does not produce a

corresponding increase in ti_e difference field, but it shows some tendency for the effect to

extend to lower altitudes.

.Figure 7: Spectra for a 30-year time span of the symmetric components of the difference fields

in Figure 6, shown with 0.5 m/s contour intervals and the lowest contours at 1 m/s to suppress

chaff. The 10-year activity cycle is evident for the nominal SCAV (a) but is significantly

stronger when it is enhanced (b). This is also evident in the side-lobes at h = 9 and 15 that

describe the modulation of the QBO, which itself is not apparent in the difference fields. Some

other features in the spectrum (b) at h = 69 and 75 appear to be related to the 10-year modulation

of the QBO that in turn car_ modulate the SAO (at 60). But the harmonics at h = 5 and 7 for (b)

cannot be readily explained

Figure 8: To convey a visualization of some spectral features in Figure 7, syntheses are

presented of the harmonics h = 3, 9, 15, which are prominent in both cases. This reveals the lO-

year modulation of the QBO and for (a) it resembles also, as expected, the difference field shown

in Figure 6a. For (b) the resemblance with Figure 6b is less obvious, but it does show a

significant increase in the modulation amplitude commensurate with the enhanced activity.

Figure 9: For completeness, the difference fields for the zonal winds are presented at 40 °

latitude. These do not show any kind of sign of the lO-year activity cycle - although it is applied

in the model to modulate the seasonal variations that are most pronounced in the AO at mid

latitudes. Apparently, the :;olar activity effect is con}lned to low latitudes where the wave driven

equatorial oscillations dominate.
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Figure 10: Computed zonal winds at latitudes 4 ° (a) and 40°(b) for Case 2, similar to Figure 3.

The hypothetical QBO in tills case has a period around 33.5 months, and it interacts with the

SAO to generate at both latitudes a beat period around l0 years through GW node filtering

(Mayr et al., 2001).

Figure 11: QBO period at ,,to north and at 20 km altitude obtained for Case 2 from the time

intervals the computed zonal winds change direction. Considering the 10-year beat period, for

comparison, results are presented for solar activity cycles of 10 (a) and 8 (b) years. In contrast to

Figure 5, large and irregular variations occur that do not reveal the beat period or any other

obvious pattern. Deviating from Figure 5 also, the differences between QBO periods with and

without solar activity are relatively large.

Figure 12: Computed zonal wind differences at 4 °, equivalent to Figure 6, obtained for the two

activity cycles. Note the large differences in (a), with contour intervals of 10 m/s, which develop

after about 7 years due to a gradual shift in the phase of the QBO. Apparently, the 10-year

activity cycle becomes synchronized with and phase locked to the 10-year beat period. In

contrast to that, the differences for the 8-year activity cycle in (b) with contour intervals of 5 m/s

are much smaller. But eventually after 25 years the phase shift produces large differences in the

QBO at lower altitudes. Ir_ (b), pronounced differences are apparent, with periods near 10 years

and amplitudes as large as 20 m/s, much larger than those in Figure 6.

Figure 13: Spectra for 40-year time spans (10 to 50 model years) of the difference fields of Case

2, shown with 1 m/s contour intervals and the lowest contours at 3 m/s to suppress chaff The

periods are now related to the harmonics, h, by 40/h (years). Commensurate with Figure 12, the

QBO feature dominates in (a), but the AO and SAO (firmly tied to the seasonal forcing) are

eliminated by differencing. The 10-year activity cycle and its second harmonic are pronounced

and appear in the side-lobes of the AO and SAO. Also shown, though fussy, are the

corresponding side-lobes for the QBO. The pronounced features at h = 66 and 94 describe the

modulation of the SAO by the QBO, and the ones at h = 62 and 98 in turn are associated with the

modulation of the QBO by the activity cycle. Similar features are evident for the 8-year cycle in

(b), except that the QBO signature is much weaker. In addition to the harmonic at h = 4 for the
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10-yearperiodicity,a pron_uncedoneoccursalsoat h= 6that correspondsto aperiodof about

6.7years,indicatingashift towardsthe8-yearactivitycycle.

Figure 14: Difference fields at 40 ° latitude for the 10- and 8-year activity cycles. In contrast to

Figure 9, there is an effect in this case and it is large. Periodicities around 10 years are seen in

the wind fields, and the amplitudes are on the order °f 10 m/s in both cases.
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With 10-Year Activity Cycle
Spectrum of Zonal Wind Difference, 4 ° N symmetric, (lOy - 50y)
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With 8-Year Activity Cycle

Spectrum of Zonal Wind Difference, 4 ° N symmetric, (lOy - 50y)
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With l 0-Year Activity Cycle
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Popular Summary

Solar Cycle Variations and Equatorial Oscillations: Modeling Study

Solar activity effects in the lower and middle atmosphere are difficult to explain on the

basis of the small chanf es in solar radiation that accompany the 11-year cycle. It is

therefore reasonable to speculate that dynamical processes may come into play to

produce a leverage. A natural candidate for such a leverage is the Quasi Biennial

Oscillation (QBO) in the zonal circulation at low latitudes, which is driven primarily by

wave mean flow interaction. This oscillation is also strongly influenced by the seasonal

cycle in the solar radiation, and this influence extends to low altitudes referred to as

"downward control". We integrated a 2D version of our Numerical Spectral Model to

cover several decades uith solar cycle variations of the heating rates, which changed on a

logarithmic scale from 0.1% at the surface to 1% at 50 km to 10% at 100 kin. Our

numerical experiments indicate that, under certain conditions, the small solar flux

variations can change the QBO period (and phase), and this in turn can produce relatively

large variations in the wind field.

H. G. Mayr, J. G. Mengcl, D. P. Drob,K. L. Chan, and H. S. Porter


